Current antiviral strategies target viral gene products. Although initially successful, their severe toxicity and susceptibility to circumvention by the generation of drug-resistant variants limit their usefulness. By contrast, the central role of the host cell serine endoprotease furin in the proteolytic activation of numerous pathogens points to the endoprotease as a strategic target for therapeutics. Herein, we show that the production of infectious human cytomegalovirus is dramatically reduced by exogenous addition of a bioengineered serpin, ␣1-PDX. This protein is a potent and selective furin inhibitor (K i ‫؍‬ 0.6 nM) and is 10-fold more effective than currently used antiherpetic agents in cell-culture models. The requirement of furin for the processing of envelope glycoproteins from many pathogenic viruses and for the activation of several bacterial toxins suggests that selective inhibitors of furin have potential as broad-based anti-pathogens.
Current antiviral strategies target viral gene products. Although initially successful, their severe toxicity and susceptibility to circumvention by the generation of drug-resistant variants limit their usefulness. By contrast, the central role of the host cell serine endoprotease furin in the proteolytic activation of numerous pathogens points to the endoprotease as a strategic target for therapeutics. Herein, we show that the production of infectious human cytomegalovirus is dramatically reduced by exogenous addition of a bioengineered serpin, ␣1-PDX. This protein is a potent and selective furin inhibitor (K i ‫؍‬ 0.6 nM) and is 10-fold more effective than currently used antiherpetic agents in cell-culture models. The requirement of furin for the processing of envelope glycoproteins from many pathogenic viruses and for the activation of several bacterial toxins suggests that selective inhibitors of furin have potential as broad-based anti-pathogens.
A common virulence-activating step shared by many pathogenic bacteria [e.g., Pseudomonas exotoxin A (exoA) and anthrax toxoid] and viruses (e.g., HIV and measles) is an absolute requirement for the proteolytic maturation of key proprotein substrates at consensus furin sites (-Arg-X-Lys͞Arg-Arg 2 -) by the host (1-3). For example, proteolytic maturation of many viral envelope glycoproteins (e.g., HIV-1 gp160 and measles F 0 ) at consensus furin sites is absolutely required for the formation of infectious progeny (2, 4, 5) . Key to the ability of furin to activate diverse pathogen molecules is the ability of this proprotein convertase (PC) to sort between three principal proprotein processing compartments within the trans-Golgi network (TGN)͞endosomal system: the TGN (cleavage of viral envelope glycoproteins), the cell surface (activation of anthrax and proaerolysin toxins), and early endosomes (activation of exoA; ref. 3) .
The requirement for furin in the proteolytic activation of virulence molecules from a wide variety of pathogens makes this endoprotease a compelling target for the development of a generation of broad-based antimicrobials. A highly potent and selective inhibitor of furin was engineered by construction of a variant of ␣ 1 -antitrypsin, named ␣ 1 -PDX, that contains the minimal furin consensus sequence (-Arg-X-X-Arg 2 -; K i ϭ 0.6 nM; ref. 6) . Intracellular expression of the ␣ 1 -PDX cDNA showed that ␣ 1 -PDX blocks the furin-dependent processing of HIV-1 gp160 and measles virus F 0 and the production of infectious progeny (5, 7) . However, use of this inhibitor as a therapeutic requires the recombinant protein, when applied externally to the cell, to block the generation of infectious virus.
Human cytomegalovirus (HCMV), the prototypical member of the ␤-herpesviridae, is a major cause of morbidity and mortality in organ transplant recipients and patients with AIDS (8) . Similar to other viral envelope glycoproteins, gB, the UL55 gene product and the predominant HCMV envelope glycoprotein (9) , is generated by cleavage of pro-gB at a consensus furin site to generate the disulfide-linked gp110͞gp55 gB heterodimer present within the virion (ref. 10 ; Fig. 1A ). Several studies indicate the importance of gB for the infectivity of many herpes viruses, including HCMV (11) . For example, use of blocking agents showed that HCMV gB participates in virus adsorption to target cell membranes (12) , and the correlate protein in herpes simplex virus is essential for fusion (13) . Herein, we show that the production of infectious HCMV is dramatically reduced by exogenous addition of the furin inhibitor ␣ 1 -PDX. Comparison to the broadly used antiherpetic foscarnet shows that ␣ 1 -PDX is 10-fold more effective than currently used therapeutics in cellculture models. ␣ 1 -PDX specifically and reversibly depletes cellular furin, resulting in a complete block of the furindependent processing of HCMV gB and the mislocalization of this envelope proprotein. Together with a lack of toxicity, our results suggest that protein-based inhibitors of furin have potential as broad-based anti-pathogens.
Methods
Cell Culture and ␣1-PDX Production. Human foreskin fibroblasts and human astrocytoma U-373 MG cells were cultured in DMEM (high glucose) containing 10% (vol͞vol) FCS (GIBCO) and 50 g͞ml gentamicin sulfate. LoVo cells were cultured in Ham's F-12 containing 20% (vol͞vol) FCS supplemented with 2 mM L-glutamine and 50 g͞ml gentamicin sulfate. Bacterially expressed His-and FLAG-tagged ␣ 1 -PDX was purified as described (6) . Foscarnet was obtained from Sigma.
Viruses. HCMV Towne stocks (provided by J.A.N.) were grown in human foreskin fibroblast cells as described (14) . Plaque assays were performed as described (14) . Construction and characterization of vaccinia recombinants expressing furin, FLAG-tagged furin, FLAG-tagged PC6B, and FLAG-tagged PC7 have been described (6) . The adenovirus recombinant expressing FLAG-tagged HCMV gB was constructed by insertion of the FLAG epitope at the furin consensus cleavage site by PCR mutagenesis with an oligonucleotide primer encoding the mutation (5Ј-GCCAATGCATCCAGTCTGAATATCACT-CATAGGACCAGA AGAGACTACA AGGATGACGAT-GACAAGAGTACGAGTGACAATAATACAAC-3Ј). Adenovirus recombinants expressing FLAG-tagged ␣ 1 -PDX and ␣ 1 -NAT were constructed by insertion of the FLAG-epitope at the ␣ 1 -antitrypsin signal peptide cleavage site by PCR mutagenesis with an oligonucleotide primer encoding the mutation (5Ј-CTGGGGATCCTCCTTGTCATCGTCGTCCT TGTAG-TCAGCCAGGGAGACAGGGACCAGGCA-3Ј) and a second primer corresponding to the T7 promoter (5Ј-TAATACGACTThis paper was submitted directly (Track II) to the PNAS office.
Abbreviations: PC, proprotein convertase; TGN, trans-Golgi network; HCMV, human cytomegalovirus; moi, multiplicity of infection.
CACTATAGGG-3Ј). The FLAG-tagged cDNAs were subcloned into the adenovirus shuttle vector pE1SP1Btet. The production of recombinant adenovirus vectors was performed as described (16 Fig. 1 . Cells were harvested in RIPA (50 mM Tris⅐HCl, pH 8.0͞150 mM NaCl͞1% NP-40͞1% NaDOC͞0.1% SDS). In some experiments (where indicated), cells were harvested in RIPA minus SDS. Extracts were incubated with the anti-gB mAb 7-17 (1:100) followed by capture with protein A Sepharose. Immunoprecipitates were resolved by SDS͞8% PAGE, and radiolabeled proteins were detected by using Kodak AR x-ray film. Membrane fractionation and Western blot analysis were performed as described (17) .
Immunofluorescence Microscopy and Antibodies. Immunofluorescence analyses were performed as described (17) . Anti-FLAG mAbs M1 and M2 were from IBI. The human transferrin receptor mAb was from C. Enns (Oregon Health Sciences University). The anti-␣ 1 -human antitrypsin antiserum was from Bachem. The anti-furin antiserum PA1-062 was from Affinity Bioreagents (Neshanic Station, NJ). Fluorescent secondary antibodies were from Fisher.
Results

␣1-PDX Blocks Processing of HCMV gB.
The processing of HCMV pro-gB at a consensus furin site raised the possibility that ␣ 1 -PDX may represent an HCMV inhibitor. To begin testing this possibility, cell expression studies were conducted and showed that the processing of HCMV gB depends on furin and can be blocked by ␣ 1 -PDX (Fig. 1) . A specific requirement for furin in the processing of pro-gB was shown by the inability of LoVo cells, a furin-deficient colon carcinoma line, to process the 165-kDa pro-gB precursor. By contrast, expression of pro-gB in all furin-containing cell lines examined, including HCMVpermissive human astrocytoma U-373 MG cells (Fig. 1B) , resulted in the efficient processing of pro-gB at the consensus furin site (-Arg-Thr-Lys-Arg 4602 -; see (Fig. 1B) .
The effectiveness of intracellularly expressed ␣ 1 -PDX in blocking the furin-dependent processing of pro-gB is consistent with similar gene transfer studies (5) and further supports the possibility of employing ␣ 1 -PDX in gene therapy approaches to pathogen defense. However, use as a broad-based antimicrobial would require extracellular addition of recombinant ␣ 1 -PDX to block also the processing of viral envelope glycoproteins. To test this possibility, U-373 MG cells expressing pro-gB were treated with 8 M recombinant ␣ 1 -PDX and analyzed by Western blotting. The extracellularly applied ␣ 1 -PDX completely blocked the maturation of pro-gB (Fig. 1B) .
Inhibition of HCMV by Extracellular ␣1-PDX. The ability of ␣ 1 -PDX, when applied as an extracellular compound, to inhibit the processing of pro-gB suggested an approach to block the production of infectious HCMV in a cell-culture model. To assess this approach, the relative effectiveness of ␣ 1 -PDX against HCMV replication was compared with foscarnet, a clinically used pyrophosphate analog that inhibits viral DNA polymerase (ref . 18; Fig. 1C ). U-373 MG cells on replicate plates were infected with HCMV Towne in the absence or presence of increasing concentrations of either ␣ 1 -PDX or foscarnet. At 5 days after infection, cells were harvested, and the amount of cell-associated infectious viral progeny was determined by plaque assay. In both cases, a dose-dependent inhibition of HCMV production was observed; however, ␣ 1 -PDX was much more potent. Treatment of U-373 MG cells with 8 M ␣ 1 -PDX reduced the amount of infectious virus by 50%, and treatment with 20 M resulted in a 3-log reduction in the HCMV titer ( Fig.  1C; ED 50 ϭ 8 M) . Comparison of the effectiveness of ␣ 1 -PDX to that of foscarnet (ED 50 ϭ 80 M) showed that the potency of the furin-directed serpin is approximately 10-fold greater than that of the currently used HCMV antivirals.
Consistent with the gB-processing analysis shown in Fig. 1 , the ␣ 1 -PDX-mediated reduction in the titer of infectious HCMV was coupled with a block in the processing of viral pro-gB. Parallel plates of HCMV-infected U-373 MG cells were treated with 8 M ␣ 1 -PDX. Immunoprecipitation analysis of [ 35 S]Cys͞Met-labeled proteins showed that in untreated cells, the 165-kDa pro-gB was cleaved to gp55. However, treatment with 8 M ␣ 1 -PDX blocked the processing of the HCMV envelope proprotein (Fig. 1C Inset) . The lower expression of pro-gB in ␣ 1 -PDXtreated cells was not due to toxicity of the furin inhibitor (see below) but likely resulted from a reduced spread of the virus in the infected cell cultures.
The ␣ 1 -PDX-mediated inhibition of pro-gB processing was concomitant with a marked mislocalization of the uncleaved envelope glycoprotein precursor in the U-373 MG cells (Fig. 2) . Although gB is localized to a paranuclear compartment in HCMV-infected cells, treatment with ␣ 1 -PDX causes the unprocessed envelope precursor to redistribute to the cell periphery ( Fig. 2 A and B) . The mislocalization was specific for pro-gB, because the localization of the HCMV envelope glycoprotein gH (which is not processed by furin) was unaffected by ␣ 1 -PDX treatment (Fig. 2 C and D) . The effect of the recombinant serpin was also independent of HCMV infection, because the ␣ 1 -PDXdependent mislocalization of the envelope glycoprotein was observed when the adenovirus recombinant expressing pro-gB was used (Fig. 2 E and F) .
Reversible and Selective Depletion of Furin by Extracellular ␣1-PDX.
The ability of extracellularly applied ␣ 1 -PDX to block the processing of pro-gB suggested that this serpin was capable of inhibiting the intracellular pool of furin in the TGN. Western blot analysis showed that a 6-h treatment with 8 M ␣ 1 -PDX reduced the intracellular furin pool by 80%, whereas the level of a control protein, the transferrin receptor, was relatively unaffected (Fig. 3) . In agreement with kinetic analyses (6), the inhibition of intracellular furin by ␣ 1 -PDX seemed to be mediated by a classic serpin-based mechanism, because extracellularly applied ␣ 1 -PDX formed an SDS-stable complex with cellular furin within 30 min (Fig. 3 Inset) . The ␣ 1 -PDX-mediated depletion of intracellular furin is fully reversible, because removal of the furin inhibitor from the culture medium resulted in a protein synthesis-dependent restoration of the intracellular furin pool (Fig. 3) .
Three sets of experiments showed that extracellularly applied ␣ 1 -PDX requires furin for cellular uptake and that it is a specific inhibitor of cellular furin (Fig. 4) . First, intracellular accumulation of ␣ 1 -PDX depends strictly on furin expression (Fig. 4 A-C) . Parallel plates of furin-containing U-373 MG and furin-deficient LoVo cells were incubated with ␣ 1 -PDX. Internalized ␣ 1 -PDX molecules were detected in U-373 MG cells (Fig. 4A) , whereas LoVo cells (Fig. 4B) failed to accumulate detectable levels of the furin inhibitor. Second, expression of furin in either LoVo or U-373 MG cells (Fig. 4 C and D) resulted in a marked increase in the amount of internalized ␣ 1 -PDX. Third, the specificity of ␣ 1 -PDX for furin was demonstrated by comparing the amount of internalized ␣ 1 -PDX in furin-overexpressing cells to cells overexpressing the two other membrane-anchored PCs, PC6B and PC7 (19) (Fig. 4) . Like furin, both PC6B and PC7 sort through TGN͞endosomal compartments and cycle to the cell surface (15, 20) . Studies in vitro show that PC6B (K i ϭ 2.3 nM) but not PC7 (K i Ͻ 5,000 nM) is potently inhibited by ␣ 1 -PDX (6). Replicate plates of U-373 MG cells expressing epitope (FLAG)-tagged furin, PC6B, or PC7 were incubated with ␣ 1 -PDX for 1 h. Cells expressing furin internalized ␣ 1 -PDX (Fig. 4G) , whereas cells expressing either PC6B or PC7 failed to internalize the furin inhibitor (Fig. 4 H and I) . The inability of PC7 and PC6B to internalize ␣ 1 -PDX was not caused by a lack of cell-surface cycling of the PCs, because cells expressing each epitope (FLAG)-tagged enzyme efficiently internalized FLAG-directed antibody (Fig. 4 D-F) .
Analysis of ␣1-PDX Toxicity. Because furin catalyzes the maturation of a large number of proprotein substrates, the toxicity of ␣ 1 -PDX was tested in U-373 MG cells. Replicate plates of cells were seeded at low density and cultured in the absence or presence of either 8 M (ED 50 for HCMV) or 80 M ␣ 1 -PDX for 1 week. Treatment with either concentration of serpin had no effect on cell growth or viability as determined by cell proliferation and [ 35 S]methionine incorporation (Fig. 5) . The lack of detectable inhibitor toxicity shows that ␣ 1 -PDX has a large selective index (IC 50 ͞ED 50 Ͼ 10).
Discussion
Our studies clearly show that ␣ 1 -PDX is a potent HCMV inhibitor that is effective at a concentration 10-fold lower than that of currently used therapeutics in cell-culture models. Together with the central role of furin in the activation of numerous Internalized mAb M1 was detected with a goat anti-mouse IgG2b-TxRD. Internalized ␣1-PDX was detected with an anti-␣1-anti-trypsin antiserum followed by goat anti-rabbit-FITC. The lower immunofluorescent signal detected in H and I compared with A (i.e., PDX uptake by endogenous furin) was caused by lower sensitivity of the ␣1-anti-trypsin antiserum relative to mAb M2. viral and bacterial pathogens, our findings suggest the development of furin inhibitors as an approach to the generation of broad-based anti-pathogens.
Compared with other furin inhibitors (21) (22) (23) (24) (25) , ␣ 1 -PDX is highly selective for furin and shows no detectable toxicity, and the ␣ 1 -PDX-mediated depletion of cellular furin is fully reversible. These findings point to a key advantage of using the ␣ 1 -AT scaffold for the design of furin-selective inhibitors. In addition, the established pharmacokinetics of ␣ 1 -AT further support the development of ␣ 1 -PDX as a broad-based antipathogen (26, 27) . Further, the highly selective and reversible depletion of secretory-pathway-localized furin by extracellular application of ␣ 1 -PDX protein explains the molecular basis for the inhibition of pathogen activation. Although furin is localized to the TGN, it cycles to the cell surface and is retrieved to the TGN via endosomal compartments. The lack of detectable uptake of ␣ 1 -PDX in cells lacking furin suggests that this serpin binds to furin molecules as they are sorted to the cell surface. The high affinity of ␣ 1 -PDX for furin (K i ϭ 0.6 nM; ref. 6) then promotes tight binding of the two molecules and the formation of an SDS-stable complex that is subsequently degraded. Surprising, however, was the striking selectivity of ␣ 1 -PDX for furin compared with a second PC, PC6B, that also cycles to the cell surface and is potently inhibited by ␣ 1 -PDX in vitro (K i ϭ 2.3 nM; ref. 6). The difference, however, may be explained in part by the relative efficiency by which each PC forms an SDS-stable complex with ␣ 1 -PDX. Once formed, the enzyme⅐serpin complex may partition by one of two pathways: formation of an SDS-stable complex or enzymatic cleavage of the serpin by the enzyme. The partitioning between these two pathways is measured as the stoichiometry of inhibition and is a gauge of the efficiency of the serpin. The efficiency of SDS-stable complex formation for furin and ␣ 1 -PDX (stoichiometry of inhibition ϭ 2, equal partitioning) is much greater than that for PC6B (stoichiometry of inhibition ϭ 8; ref. 6). Together with the higher K i , the differential stoichiometry of inhibition apparently contributes the specific targeting of furin by extracellular ␣ 1 -PDX.
Although envelope glycoprotein processing is a required step for the generation of infectious progeny of a large number of pathogenic viruses, the molecular consequence for the processing block can vary greatly. For example, inhibition of the furin-dependent processing of measles virus F 0 does not block incorporation of the uncleaved envelope precursor into viral progeny (5) . However, such virions are completely noninfectious. Failure to cleave HIV-1 gp160 and avian influenza virus HA 0 has different effects. Uncleaved HIV-1 gp160 envelope precursors transit to the cell surface but fail to incorporate into budding virions (4, 28) . By contrast, failure to cleave the HA 0 blocks transport of the envelope precursor through the secretory pathway (28) . Similarly, in our studies, inhibition of furin blocked proteolytic maturation of HCMV gB and caused mislocalization of the proprotein (pro-gB). The extent to which inhibition of pro-gB cleavage and its mislocalization each contribute to the block in the generation of infectious progeny must be determined in future studies.
Antivirals that target viral gene products such as DNA polymerase and viral protease invariably lead to the generation of drug-resistant variants (18, 29) . For example, treatment of HCMV infections with foscarnet, cidofovir, or ganciclovir leads to the generation of drug-resistant variants by mutation of either the viral DNA polymerase (cidofovir or foscarnet) or phosphotransferase (ganciclovir) genes (18) . However, because the target of ␣ 1 -PDX is a cellular protein, resistance by mutation of the virus is highly unlikely. Indeed, the virulence of numerous pathogenic viruses (e.g., HIV-1, Ebola, New Castle Disease, and avian influenza viruses) is directly coupled to the presence of a consensus furin site within their envelope glycoprotein sequences (2, (30) (31) (32) (33) . Therefore, strategic manipulation of furin levels, alone or in combination with other therapeutics, may provide a means to inhibit HCMV as well as a large number of acute bacterial (e.g., anthrax and Pseudomonas aeruginosa) and viral (infectious avian influenza virus and respiratory syncytial virus) pathogens. Future development of appropriate animal models will enable us to test these strategies. 
